INTRODUCTION 46
Enterohemorrhagic Escherichia coli (EHEC) are a major cause of food-borne infectionsworldwide. EHEC are transmitted through consumption of water, meat, dairy or vegetables 48 contaminated with fecal matter, or hand-to-mouth, which is common in school and nursery 49 settings. EHEC infection usually presents with bloody diarrhea, vomiting and stomach cramps, 50 but in rare cases can lead to hemolytic uremic syndrome (HUS), a severe clinical complication 51 resulting in kidney damage and often life-long morbidity, or mortality. Antibiotics are contra-52 indicated, since antibiotic treatment can increase toxin production and exacerbate toxin-mediated 53 disease pathology. Depending on geographical location, up to 30 % of cattle are colonized by 54 EHEC, which presents a considerable environmental reservoir. One of the main virulence factors 55 associated with colonization of ruminants as well as human hosts is the locus of enterocyte 56 effacement (LEE), a horizontally acquired pathogenicity island encoding for a type 3 secretion 57 system (T3SS). The LEE also encodes for the adhesion intimin and its host translocated receptor 58 Tir (translocated intimin receptor), which in volunteer studies with the closely related 59 enteropathogenic E. coli (EPEC) have shown to be a key factor for the development of diarrheal 60 symptoms (1). 61
Ongoing studies of EHEC focus on understanding how the LEE is regulated during the EHEC 62 life cycle, and how the LEE encoded genes and other virulence factors, such as Shiga toxin 63 (STx) contribute to colonization, disease pathogenesis and transmission. Another area of interest 64 is how a host's endogenous microbiota interacts with EHEC, and how this affects host fate 65 following EHEC ingestion. Several infection models exist to study EHEC virulence factors, most 66 notably pigs, rabbits and mice. And although no single model host is capable of reproducing the 67 full clinical presentation of human EHEC infection, each has its own distinct advantages and 68 Spatiotemporal in vivo analysis of EHEC virulence gene regulation 
132
Following two hours of co-incubation with EHEC, P. caudatum were transferred to medium without bacteria. 
140
Food-borne E. coli colonize larval zebrafish more efficiently than water-borne EHEC. 141
Initially, colonization by water-borne EHEC was characterized in gnotobiotic zebrafish larvae, 142 which were acquired from bleached eggs and reared under sterile conditions as previouly 143 described (18). EHEC were administered to larval zebrafish at 4 dpf, at which point larvae had a 144 fully developed intestinal tract with a functional anal opening. E. coli constitutively expressing 145 mCherry were used to visualize colonization in vivo. Bacterial burden was initially assessed 146 following 2 hours of exposure, and increased dependent on the amount of ingested EHEC (Fig.  147   2A) . Colonization was mostly localized to the mid-intestine (Fig. 2B) , and accumulation and 148 secretion of EHEC-containg fecal matter was observed soon after ingestion (Fig. 3) . 149
Next, paramecia loaded with EHEC Sakai:mCherry were administered to larval zebrafish at 4 150 dpf, at which point larvae were able to swim freely, and prey on paramecium ( Figure S2 and 151 Movie S1). To administer a consistent number of E. coli to zebrafish, paramecia were kept in co-152 culture with E. coli at a ratio of 1:500, gently washed to remove extracellular E. coli and added 153 Spatiotemporal in vivo analysis of EHEC virulence gene regulation to fish medium to result in a defined initial concentration as described above, and offered to 154 zebrafish as a prey. 155 156 Figure S2 . Stills from Movie S1, showing a zebrafish larva at 4 dpf preying on P. caudatum loaded with EHEC 157 Sakai:mCherry.
159
Bacterial burden was determined in fish exposed to matched doses of food-borne or water-borne 160 EHEC, following two hours of exposure. At all three doses tested, colonization levels were 161 approximately 10 times higher following food-borne infection (Fig. 2C) . Food-borne infection 162 also led to increased persistence of EHEC in the intestinal tract: While water-borne EHEC were 163 gradually cleared by most fish over the course of 24 hours, food-borne EHEC persisted at high 164 Spatiotemporal in vivo analysis of EHEC virulence gene regulation levels up to 24 hours post infection (hpi) in approximately 50% of the fish, while the other half 165 carried lower burdens or cleared the infection over the same time span (Fig. 2D) . 166 167 (Fig. 3 ). Neutrophils were 192 especially concentrated in areas adjacent to the mid-intestinal infection focus and anal region, 193 and neutrophil migration through the epithelium and into the lumen was observed (Fig. 3A) . While EHEC LEE1:gfp showed low levels of fluorescence outside the host (Fig. 4A) , GFP 219 expression, and thus LEE induction, was observed in the zebrafish intestinal tract (Fig. 4B) . In 220 contrast, a control strain lacking a promoter driving GFP expression formed similar infection 221
foci, but did not express GFP ( showed approximately ten-fold lower colonization levels in an infant rabbit infection model (28). 237
These observations from the infant rabbit model were recapitulated in our zebrafish model: 238
Following a two hour exposure to 10 8 CFU/mL of food-borne EHEC, LEE1:gfp was 239 significantly induced in the TUV 93-0 wild type strain colonizing the instestinal tract, compared 240 to plantonic growth (Fig. 5A, B) . In contrast, reduced LEE1:gfp induction was observed in the 241 adhE mutant, in both planktonic culture or during host colonization, as analyzed by imaging 242 (Fig. 5C, D) and ratiometric analysis across several colonized fish (Fig. 5E ). The bacterial 243
burden was approximately ten-fold reduced for the adhE mutant compared to the TUV 93-0 wild 244 Spatiotemporal in vivo analysis of EHEC virulence gene regulation type (Fig. 5F ), although both growth (Fig. 5G ) and persistence within P. caudatum ( background, and compared its LEE induction levels and ability to colonize the zebrafish intestine 268 to those of the wild type Sakai strain following two hours of infection. LEE1:gfp transcriptional 269 activity was significantly higher in planktonically grown tolA compared to wild type bacteria, as 270 previously described (30). This also held true for tolA within the zebrafish intestinal tract: 271
Although LEE1:gfp activity relative to the constitutively active mCherry was enhanced for tolA 272 compared to wild type bacteria within zebrafish, the bacterial burden of the tolA mutant was 273 significantly reduced compared to the wild type (Fig. 4 and Fig. 6A-F) . This was not due to 274 Spatiotemporal in vivo analysis of EHEC virulence gene regulation altered growth or degradation within the P. caudatum vector (Fig. 6G, H) . Overall, these data 275 suggest that the tight regulation of T3SS expression is essential for within-host fitness. 276 277 expression is specifically induced in the zebrafish host and is necessary for efficient intestinal 289 colonization, we asked if EHEC ingestion would cause mortality in zebrafish. We infected 290 zebrafish at 4 dpf with a dose of 10 9 CFU/ml of food-borne EHEC or left them uninfected 291 (control). Fish were assessed for vital signs (movement, heart beat and circulation) daily for a 292 total of six days post infection (dpi), and survival was analysed using the Kaplan-Meier estimator 293 (Fig. 7) . Despite showing similar colonization levels ( Fig. 5 and 6 ), Sakai and TUV 93-0 wild 294 type strains displayed significantly different pathogenicity, with a mean survival of 76% for 295
Sakai and 56% for TUV 93-0 at the experimental endpoint. The attenuation of the tolA and adhE 296 mutants observed in terms of intestinal colonization (Fig. 4-6) was also reflected by a reduction 297 in pathogenicity. The tolA mutant was non-pathogenic in the zebrafish model, with 100% host 298 Spatiotemporal in vivo analysis of EHEC virulence gene regulation survival and no observable morbidity up until day 6 post infection. The adhE mutant was 299 similarly attenuated, with a mean host survival of 87% at day 6 post infection (Fig. 7) . 300 301 302 
308
Zebrafish as a model to study fecal shedding and transmission. While fecal shedding of 309 EHEC is often used as a proxy for bacterial burden in rodents, fecal-oral transmission is rarely 310 studied in these models. The zebrafish model allows simultanous analysis of fecal shedding and 311 fecal-oral transmission from infected fish to naïve recipients in one experiment. AB fish infected 312 with food-borne EHEC for two hours were transferred into fresh media together with a naïve 313 recipient (Fig. 8A) . Tg(mpo:gfp) fish were used as recipients to be able to visually distinguish 314 donor and recipient (green fluorescent). EHEC was continutally shed from donor fish following 315 Spatiotemporal in vivo analysis of EHEC virulence gene regulation transfer into fresh media, and levels of shed bacteria increased steadily up until 24 hours post 316 transfer (Fig. 8B) . Onward transmission to naïve fish was first observed between 12-24 hours 317 post transfer (Fig. 8C) , at which point EHEC:mCherry could be visualized in the foregut and 318 mid-intestine of recipient embryos (Fig. 8D ). These data demonstrate that the dynamics of fecal 319 shedding and fecal-oral transmission to naïve hosts can be studied using the zebrafish model. 320 321 
330
The zebrafish microbiota provides a barrier to EHEC colonization. To this point, our 331 experiments were done in gnotobiotic zebrafish, as the endogenous microbiota often proves a 332 significant barrier to colonization (31, 32). Yet, the interactions between ingested pathogens and 333 the endogenous microbiota, and the impact of the microbiota composition on the fate of 334 infection, are of interest, particularly in the case of EHEC (33-35), and it would be desirable to 335 be able to address these questions in the zebrafish infection model. 336
It has been reported that zebrafish acquire a microbiota which rapidly diversifies during early 337 development (18, 36, 37). To test whether EHEC infection can be studied in the zebrafish model 338 against the backdrop of the endogenous microbiota, we compared levels of EHEC in gnotobiotic 339 fish and conventionalized fish, which were transferred into a mixture of E3 and tank water 340 following hatching. Compared to gnotobiotic fish, initial colonization with EHEC was 341 significantly decreased, but not entirely eliminated, in conventionalized fish (Fig. 9A) . 342 Surprisingly, colonization levels in conventionalized fish were very consistent, even though the 343 composition as well as levels of the colonizing microbiota differed considerably between 344 Spatiotemporal in vivo analysis of EHEC virulence gene regulation individual animals (Fig. 9B) . In conventialized fish, the bacterial burden expanded with 345 increased incubation time, and could easily be visualized from 16 hpi (Fig. 9C) . have been used extensively to study bacterial infections, but to date few gastrointestinal infection 362 models have been described and our study provides, to our knowledge, the first extensive 363 Spatiotemporal in vivo analysis of EHEC virulence gene regulation description of a food-borne infection model in zebrafish. P. caudatum is an ideal vector for food-364 borne infections: It is commonly used as a food-source for young zebrafish, and interactions 365 between E. coli and Paramecia have been characterized previously (38). In agreement with 366 earlier studies, we found no detrimental effect of EHEC-associated virulence factors on P. 367 caudatum proliferation. E. coli is taken up into food vacuoles within seconds to minutes, 368 depending on the density of suspended particles (39). Vacuoles gradually acidify from an initial 369 pH of 8 to reach a pH of close to 1 (39), and EHEC have a half-life of approximately 150 370 minutes under those conditions. This bacterial passage through an acidifying compartment and 371 subsequent release into the zebrafish foregut upon ingestion of paramecia mimicks passage 372 through the human GI tract and acidification in the stomach. 373
Upon ingestion, EHEC rapidly colonize the mid-intestine, and although bacteria were initially 374 observed both in fore-gut and mid-intestinal tract, EHEC shows a distinct preference for 375 colonizing the mid-intestine, and the site of infection displays sharp boundaries, with temporary 376 colonization of the fore-gut during early infection, and no colonization of the posterior intestine 377 (Fig. 2, 4) . In contrast, colonization of infant rabbit is not as localized, with similar bacterial 378 burdens found in ileum, cecum and colon even at later time points (5). 379
Human EHEC infection is known to cause a strong pro-inflammatory response, and neutrophil 380 infiltration of the lamina propria and transmigration through the intestinal epithelium into the gut 381 lumen has been described in monkey, piglet, and rodent models (5, 40, 41). This is a response of 382 increased IL-8 production by the intestinal mucosae, although it has been a point of contention 383 whether Stx or TLR5 recognition of H7 flagellin was the major factor inducing IL-8 secretion. provides an opportunity to exclusively observe the innate immune reaction to an EHEC infection 396 in our experimental system. Real-time imaging of EHEC infected zebrafish allowed us to 397 simultaneously follow and establish a temporal link between neutrophilic inflammation and 398 EHEC persistence in the intestine. We observed a significant increase in neutrophil recruitment 399 to the infection site as early as 2 hpi, with a peak around 8 hpi. After that, the response gradually 400 diminished until the experimental endpoint (12 hpi). This coincided with bacterial burden, which 401 was significantly decreased 3 hpi, and gradually diminished thereafter. However, a low level of 402 persistence was still observed at the experimental endpoint, 24 hpi. Although only 403 circumstantial, the timing of these two events suggests bacterial clearance may, at least in part, 404 be mediated by neutrophils. 405 EHEC infection in infant rabbits is self-limiting, with a peak in bacterial burden approximately 7 406 dpi and a decline in inflammation and bacterial burden thereafter (5). We observe a similar, degradation/clearance of bacteria was followed by an additional staining with lysotracker red. To 495 determine EHEC viability within P. caudatum, samples were removed from P. caudatum 496 cultures at indicated time points, lysed with 1% Triton-X100 in PBS and homogenized, and 497 serial dilutions in PBS plated on CHROMagar™ O157 plates for enumeration of CFUs. 498
Food-and water-borne fish infections. For infection experiments bacteria were harvested by 500 centrifugation at 6000 g for 2 min and adjusted to an OD600 of 1.0 ( concentration of 2x10 8 501 bacteria/ml). P. caudatum were quantified using a hemocytometer and added to the suspension to 502
give a concentration of 10 4 paramecia/mL, and incubated for 2 h at 32 °C. Following pre-503 incubation, paramecia were washed and added to zebrafish larvae (4 dpf) housed in 6-well plates, 504 to give the indicated bacterial concentrations. For water-borne infections, EHEC concentrations 505 as indicated were directly prepared in E3 and added to zebrafish larvae (2ml/10 zebrafish 506 larvae/6-well). Following infections, zebrafish larvae were either anaesthetized by adding 507 tricaine (final conc. 160 µg/mL) to 20 mL E3 and 2 mL of a 0.1 M sodium-bicarbonate solution 508
to buffer the medium, or euthanized by adding 1.6 mg/mL tricaine to the buffered medium. For 509 microscopy, larvae were transferred to a 1.5 mL microcentrifuge tube, washed in PBS, fixed by 510 adding 1 mL of a 4 % para-formaldehyde solution in PBS, and stored at 4 °C in the dark until 511 used. 512
513
Imaging of infected fish. For live imaging, infected anaesthetized larvae were positioned in 96-514 well glass-bottom plates and covered and immobilized with 1 % low-melting-point agarose 515
solution. 200 µl E3 containing 160 µg/mL tricaine was added to cover the immobilized larvae. 516
Live imaging was performed at 32 °C and 80 % humidity. A Zeiss Axio Observer inverse 517 microscope equipped with a 10x objective was used for acquisition of 2 fluorescent channels and 518 1 differential interference contrast (DIC) channel. The 4D images produced by the time-lapse 519 acquisitions were processed, clipped, examined and interpreted using the Zen 2 software (Zeiss). 520 Spatiotemporal in vivo analysis of EHEC virulence gene regulation We thank A. Roe for sharing strain TUV 93-0 and its derivatives. We thank S. Renshaw, S. 536
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